The sequence of phosphoenolpyruvate carboxykinase (PEPCK) has been previously identified as a promising candidate for reconstructing Mesozoic-age divergences Mitter 1992, 1994). To test this hypothesis more rigorously, 597 nucleotides of aligned PEPCK coding sequence (-30% of the coding region) were generated from 18 species representing Mesozoic-age lineages of moths (Insecta: Lepidoptera) and outgroup taxa. Relationships among basal Lepidoptera are well established by morphological analysis, providing a strong test for the utility of a gene which has not previously been used in systematics. Parsimony and other phylogenetic analyses were conducted on nucleotides by codon positions (ntl, nt2, nt3) separately and in combination, and on amino acids, for comparison to the test phylogeny. The highest concordance was achieved with ntl + nt2, for which one of two most-parsimonious trees was identical to the test phylogeny, and with all nucleotides when nt3 was downweighted sevenfold or higher, for which a single most-parsimonious tree identical to the test phylogeny resulted. Substitutions in nt3 approached saturation in many, but not all, pairwise comparisons and their exclusion or severe downweighting greatly increased the degree of concordance with the test phylogeny. Neighbor-joining analysis confirms this finding. The utility of PEPCK for phylogenetics is demonstrated over a time span for which few other suitable genes are currently available.
Introduction

Concordance
among independent data sets is a principal criterion for robustness of phylogenetic hypotheses (e.g., Penny and Hendy 1986; Miyamoto and Cracraft 1991; Hillis 1995; Miyamoto and Fitch 1995) . Therefore, molecular systematists require access to multiple unlinked gene sequences. Currently, only organellar and nuclear ribosomal DNAs, for which "universal" PCR primers are available, have been widely applied to systematic questions. Additional sequences are needed to address relationships on which organellar or ribosoma1 sequences prove uninformative or misleading. Our laboratory has been systematically searching for protein-encoding nuclear gene sequences that will be phylogenetically useful at a variety of taxonomic levels in animals. Fourteen candidates were identified in an initial screening based on criteria of gene size, structure, copy number, and conservation (Friedlander, Regier, and Mitter 1992) . The phylogenetic information content of five of these for which enough metazoan sequences were available was tested by the criterion of concordance, that is, their ability to recover groupings securely established by previous evidence (Friedlander, Regier, and Mitter 1994) . These studies confirmed that all five genes carry phylogenetic information and suggested further that they had utility spanning an enormous temporal range (< 10 MYA to >500 MYA). For example, amino acid sequences of the highly conserved protein elongation factor-101 (EF-la) have been used to reconstruct kingdom-and phylum-level phylogenies, dating to the Paleozoic and earlier (Creti et al. 1991; Rivera and Lake 1992) . By contrast, synonymous nucleotide changes within the same gene have recently proven useful for inferring species-and genus-level relationships (Cho et al. 1995) . Our studies suggest that analysis of synonymous changes in many protein-encoding genes should prove useful for Tertiary-age divergences, with genes of highly conserved protein sequence having the additional advantages of unambiguous sequence alignment and relative ease of PCR primer definition.
Resolving Mesozoic-age systematic questions presents additional challenges because highly conserved protein sequences such as EF-la may be insufficiently variable, while most synonymous changes in the same gene may be multiply substituted and uninterpretable, particularly without extensive taxon sampling. What is needed are genes in which nonsynonymous characters evolve more rapidly than in highly conserved sequences such as EF-lo, but considerably more slowly than synonymous changes in such genes. Even when such genes are found, their application raises challenges absent from the study of recent divergences. Primer definition will be less straightforward because the sequence is more variable.
Furthermore, the issues of character weighting and data set partitioning will be relevant to analyzing these anciently diverged sequences. For example, if synonymous changes are indeed saturated, then their downweighting, or even removal from the data set, may be justified.
Our earlier study identified two nuclear genes, not previously exploited for systematics, which are likely to be informative about Mesozoic-age divergences: phosphoenolpyruvate carboxykinase (PEPCK; E.C. 4.1.1.32), the subject of this report, with approximately 1,941 bp coding sequence, and dopa decarboxylase (Friedlander, Regier, and Mitter 1994; Fang et al., in prep. (Friedlander, Regier, and Mitter 1992) . There are similarly low estimates of copy number in vertebrates (Yoo-Warren et al. 1983; Hod, Yoo-Warren, and Hanson 1984) , although a second, quite divergent, paralogous PEPCK sequence has been identified that is specifically targeted for export to the mitochondria (Weldon et al. 1990 ). PEPCK's potential as a phylogenetic marker was supported by its recovery of expected relationships among six published animal sequences-two nematodes, an insect, a bird, rat, and human. However, our limited sampling of taxa did not permit a precise identification of the time frame over which PEPCK would be useful.
To gauge the phylogenetic utility of PEPCK more fully, we have applied this gene to a test case consisting of basal divergences within the insect order Lepidoptera, which are Mesozoic in age ( fig. 1 ; Kukalova-Peck 1991; Ross and Jarzembowski 1993; Labandeira et al. 1994 ). Intensive research on primitive Lepidoptera over the past 2 decades has yielded strong morphological evidence from all life stages on many, though not all, aspects of basal moth phylogeny (Kristensen 1984 (Kristensen , 1994 Davis 1986; Kobayashi and Ando 1988; Nielsen and Common 199 1) . Although this morphological phylogeny is not beyond all doubt, it is surely approximately correct. Numbers of morphological synapomorphies (Kristensen 1984) are mapped on the test phylogeny ( fig. 1) . Thus, concordance between it and PEPCK would support application of PEPCK both to currently debated aspects of lepidopteran phylogeny and to other Mesozoic-age systematic questions. Availability of the "known" phylogeny also allows objective judgment of alternative approaches to phylogenetic analysis of this gene (Miyamoto and Fitch 1995) , some of which are explored here.
.Materials and Methods
Specimens
The species names, number of individuals sampled, life history stage, and geographical source are listed in table 1, along with GenBank accession numbers for their PEPCK sequences.
Field-collected, live moths were temporarily stored dry at the temperature of liquid nitrogen or in 100% ethanol at 0°C for up to 3 days, followed by long-term storage at -80°C. Storage at -20°C in 100% ethanol at least up to 1 year also yielded satisfactory templates for this study. Specimens from each of the collections are vouchered in freezers at the University of Maryland, and all are authoritatively identified. Whole single individuals were extracted (U.S. Biochemical Corp. DNA/RNA Isolation Kit #73750) for nucleic acids, except for Agathiphaga queenslandensis, Dyseriocrania griseocapitella, Ctenocephalides felis, and Drosophila melanogaster, for which multiple individuals were pooled prior to extraction.
Taxon Sampling
The species sampled represent the major groups in a widely accepted phylogeny and classification of Lepidoptera ( fig. 1 ). PEPCK sequences were generated from 12 species of moths, including representatives of all four Non.-Code names are used for inventory purposes and also refer to corresponding species in figures 2 and 3 of this report. "Sample" refers to the number of specimens extracted and their developmental stage (A = adult, L = larva). suborders, and all major subdivisions of the largest one, Glossata. Two species were sampled from each, except that only single species were available for the speciespoor, relictual suborders Aglossata and Heterobathmiina, which comprise single Southern Hemisphere genera containing 2 and 10 species, respectively ( fig. 1 ). Within Glossata, the monophyly of Dacnonypha and Monotrysia broadly defined is still debated. To provide a securely resolved test phylogeny, each was represented by two species from a single monophyletic family-Eriocraniidae and Tischeriidae, respectively. Outgroups for this study consisted of two species of Trichoptera (caddisflies), sister-order of Lepidoptera (moths and butterflies), and four species of Antliophora (flies, fleas, scorpionflies = Diptera + Siphonaptera + Mecoptera), sister-superorder of Amphiesmenoptera (Lepidoptera + Trichoptera) (Kristensen 199 1) . The PEPCK coding sequence from Drosophila melanogaster (Gundelfinger et al. 1987 ) was verified by sequencing both strands in the aligned coding region reported here.
PCR and Sequencing
Direct amplification of genomic DNA proved unsuccessful for fragments containing more than approximately 200 nucleotides of coding DNA, whereas much larger fragments could be amplified by RT-PCR (Kawasaki 1990) . This observation suggests the presence of numerous, relatively large introns in lepidopteran PEPCK genes, similar to the gene structure documented in chicken (Hod, Yoo-Warren, and Hanson 1984) and rat (Beale et al. 1985) . In contrast, much of the coding region in Drosophila melanogaster appears to be without introns (unpublished data). Our limited observations also demonstrate that PEPCK mRNA is present during both larval and adult stages.
Initially, highly specific PEPCK oligonucleotide primers were defined by comparison of published se- Non%-Numbers in "Add Steps" are the additional steps required over most-parsimonious solutions for that character set (see table 4 ).
Non. - quences from an insect (Drosophila melanogaster), a bird (Gallus gallus), and a mammal (Rattus norvegicus). While amplification within Diptera was generally successful, only a few moth sequences were obtained. Based on these new sequences, we surmised that greater success with PCR would result by increasing the degree of primer degeneracy. This proved to be the case, as a new set of more highly degenerate primers successfully amplified the 18 species reported in this study (tables 1 and 2). Many of these primers were localized internal to the original primer pairs in order to incorporate the new sequence information from Lepidoptera. However, only about 50% of the lepidopteran species tested were successfully amplified. Not surprisingly, success rate varied across groups (high in Ditrysia, low in "Monotrysia").
The largest consistently amplifiable PEPCK coding fragment, 680 bp in length or 35% of the total coding sequence in Drosophila melanogaster, was obtained using 284dF and 5 1 ldrc. Agathiphaga queenslandensis could only be amplified with 18SdF and 22Sdrc; the amplified sequence largely overlaps that obtained from the other primer set.
Sequences were obtained from single-stranded DNA templates (U.S. Biochemical Corp. Sequenase 2.0 DNA Sequencing Kit #70770; Sanger, Nicklen, and Coulson 1977) generated by asymmetric PCR amplification (McCabe 1990 ) from agarose gel-isolated (QIA-GEN QIAEX gel extraction kit #20020), double-stranded DNA templates produced through RT-PCR (Perkin Elmer GeneAmp RNA PCR Kit #NSOS-0017). Prior to sequencing, the asymmetric PCR reactions were processed with a purification kit (QIAGEN QIAquick-spin) or by ultrafiltration (Amicon Centriconor -100). Both strands were sequenced. No evidence for multiple PEPCK sequences was observed in any species, consistent with expression of a single orthologous gene.
Data Analysis
Pairwise sequence divergences by character set (nucleotides, nucleotides by codon position, amino acids) were obtained using PAUP 3.0, 3.1, 3.2 (Swofford 1991) . Average pairwise divergence values plotted on the test phylogeny were used as evidence for or against saturation ( fig. 1) . The frequency distribution for number of character states per character (site) was plotted as a second estimator of levels of character substitution and potential saturation, for both nucleotides and amino acids ( fig. 4) . Nucleotide frequencies were calculated by codon position ( fig. 5 ) to look for compositional bias. An approximately 624-bp region of PEPCK, corThe PEPCK sequence character sets were mapped responding to about one third of the coding region, was onto the test phylogeny using the tree constraints option aligned for phylogenetic analysis ( fig. 2 ). With the exceptions mentioned below, alignment was straightforward using the GAP program of the UWGCG genetics software package (Devereux, Haeberli, and Smithies 1984) . Missing data were coded as question marks. Alignment was problematical only in the immediate vicinity of two small gaps (nucleotide characters 319-327, 379-384).
These gap regions (nucleotide characters 319-348, 370-384; see asterisks in fig. 2 ) total 7.2% of the fragment length, and their effect on tree topology was explored through parsimony analysis of data sets with varying numbers of gap region characters excluded. Three data sets discussed below out of 20 tested represent the range of outcomes. (1) No removal of gap regions, using the alignment shown in figure 2 and coding gaps as question marks, resulted in 10 minimumlength trees with a maximum of 12 out of 14 clades recovered from the test phylogeny ( fig. 1). (2) Complete removal of the gap regions resulted in 11 minimumlength trees, one of which was congruent with the test phylogeny. (3) Removal of only gap characters plus a few most especially problematically aligned adjoining characters (nucleotide characters 3 19-330, 370-384); see underlined asterisks in fig. 2 ) resulted in two minimum-length trees, one congruent with the test phylogeny and the other recovering 13 out of 14 clades ( fig.  6A and B) . Unless otherwise indicated, analyses presented in Results and Discussion, including figures 6 and 7 and tables 3-5, are based on this third data set. Nucleotides were translated into amino acid sequences (fig. 3) ; the analyzed data set excluded residue characters 107-l 11 and 124-128, corresponding to nucleotide characters 3 19-330 and 370-384. 
Results and Discussion
Tests of Data Set Utility and Nucleotide Saturation of PAUP, with both unambiguous and unambiguous + maximally ambiguous changes (described as minimum and maximum possible lengths in PAUP) assigned to each branch ( fig. 6 ). Overall fit to the tree was measured by the consistency index excluding uninformative characters (Swofford 1991) , and by the retention index (Farris 1989) (table 3) .
Most-parsimonious trees for each data set were obtained through multiple heuristic searches in PAUP, using TBR branch swapping from 100 random addition replicates. "Simple" and "closest" addition options frequently did not recover all islands of most-parsimonious trees, and on occasion recovered only trees of greater length. For the total nucleotide data set, the following weighting schemes (nt 1 : nt2 : nt3) were tested: 1: 1: 1, 1: 2:0, 5:5:1, 6:6:1, 7:7:1, lO:lO:l, lOO:lOO:l, and 1,000: 1,000: 1. Decay indices (Bremer 1988; Donoghue et al. 1992) and bootstrap values (100 replicates) (Felsenstein 1985) for the ntl + nt2 data set were calculated as measures of branch support ( fig. 6A ).
Average pairwise divergences between clades provide an estimate for levels of character substitution. These are plotted by character set (ntl, nt2, nt3, amino acids) for each node of the test phylogeny ( fig. 1) . Divergence in amino acid sequence ranges from 4% between confamilial and congeneric moths to 20% across the Mecopterida, consistent with a character set that is not yet saturated. With the exception of Glossata, divergence levels increase toward the base of the tree. ntl and nt2 reveal qualitatively similar trends to that for amino acids with values ranging from 2% and 1% to 16% and 12%, respectively. For ntl, Aglossata and Heterobathmiina are slightly less divergent on average from members of their respective sister-clades than expected. For the nt3 data set, most terminal clades and all internal nodes have values greater than 50%. No trend of increasing divergence values with taxonomic depth is evident. We conclude that nt3 data sets are near saturation at divergence levels approaching 60%.
Neighbor-joining trees (Saitou and Nei 1987) were calculated using the Kimura two-parameter distance (Kimura 1980), using the DNADIST and NEIGHBOR programs in PHYLIP3.5 (Felsenstein 1992 ). Concordance of PEPCK trees with the test phylogeny was judged by two criteria: similarity in fit to the The number of character state changes on the test phylogeny is another estimator of levels of character substitution ( fig. 4) . Amino acids are generally conservative. Fifty-seven percent of the amino acid sites are invariant and another 22% exhibit just one or two state changes. However, 7% have 7-10 state changes, indicating that there is a subset of rapidly evolving amino acid sites ( fig. 40) .
Consistent with its low pairwise divergence values, nt2 is the most conservative codon position overall with a maximum of six observed state changes and 72% in- table 1 ). X, gap; ?, not translatable or sequenced; ***, gap region; ***, s of gap regions excluded from data sets analyzed in figure 7 and tables 3-5.
were ,ubset variant sites ( fig. 4B ). ntl is somewhat more variable (58% invariant), but much less so than nt3, which displays a roughly symmetrical peak, apart from a residuum of 5% invariant ( fig. 4C ). The few invariant nt3 nucleotides are embedded within completely nondegenerate codons (four methionines and six tryptophans). The overall high variability of nt3 supports the earlier conclusion that the nt3 data set is approaching saturation in this study.
An unbiased base composition is a desirable feature in a phylogenetic study (Lockhart et al. 1994) . Overall, the PEPCK sequences in this study are relatively unbiased,-displaying only slightly less thymine than other bases ( fig. 5 ). When codon positions are separated, larger differences are apparent, particularly for ntl (elevated adenine and guanine). Variation in base composition among taxa is substantially greater in nt3 than in ntl or nt2.
Mapping of PEPCK Character Sets Onto the Test Phylogeny
Six data sets (amino acids, all nt, nt 1, nt2, ntl + nt2, nt 3) were each mapped onto the test phylogeny to determine levels of homoplasy (table 3) . nt2 and amino acids revealed the lowest levels of homoplasy, followed in order by ntl -+ nt2, ntl, all nt, and nt3.
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Phylogenetic
Analysis of PEPCK Character Sets
Most-parsimonious (MP) trees were constructed using the same six character sets. Levels of homoplasy by character set followed the same relative order as when mapped onto the test phylogeny (table 4) . However, only for the ntl + nt2 data set was the test phylogeny included among the MP trees ( fig. 6 ). For the amino acid, all nt, ntl, nt2, and nt3 character sets, tree lengths for the test phylogeny were longer than for the MP phylogenies-2%, 2%, 3%, I%, and 5%, respectively (tables 3 and 4). All character sets except amino acids and total nucleotides yielded multiple MP trees (table 4) . Topological concordance with "known" relationships was assessed by determining how many of the 14 test clades within the phylogeny are recovered in the MP trees ( fig. 7) . The two best MP trees (13 and 14 clades recovered) were from the ntl + nt2 data set. The single tree based on analysis of all nucleotides recovered only six clades, presumably because of high homoplasy levels from nt3, for which only two or four clades were recovered.
Another measure of topological concordance is the number of clades in the test phylogeny that are also recovered in the strict consensus of the MP trees (table  5) . ntl + nt2 recovers the most clades (13), followed by nt2 (1 l), amino acids (8), ntl (7), all nt (6), and nt3 (2). The tre e f or amino acids (not shown) included sev-. _ era1 groupings (e.g., Diptera + Trichoptera; Exoporia + Ditrysia) that contradict the test phylogeny.
The distribution of ntl + nt2 characters on the test phylogeny, as well as bootstrap values and decay indices, show that not all groups are equally strongly supported ( fig. 6A ). In particular, all terminal clades within Lepidoptera, namely, Ditrysia, Monotrysia, Exoporia, Dacnonypha, and Zeugloptera, are well supported. All
Neighbor-joining (NJ) analysis (Saitou and Nei 1987) on the ntl + nt2 data set also recovered the concordance tree, with the exception that Heterobathmiina was reversed with Dacnonypha and Aglossata was reversed with Zeugloptera (12 of 14 clades recovered, fig.  6C ). NJ analysis on the amino acid set was only slightly less concordant, with Heterobathmiina uniquely misplaced as sister group to Exoporia (12 of 14 clades recovered, not shown). NJ analysis on all nucleotides resulted in loss of Diptera and Lepidoptera, as well as numerous misgroupings within Lepidoptera (not shown).
The effect of downweighting nt3, but not completely eliminating it from the data set, has also been explored for a range of weighting schemes. When nt3 is downweighted between sevenfold and 1 ,OOO-fold, the test phylogeny is recovered as the sole MP tree.
Utility of PEPCK
Our central finding is that when nt3 is downweighted or eliminated and when ambiguously aligned gap region data (nucleotide characters [319] [320] [321] [322] [323] [324] [325] [326] [327] [328] [329] [330] [370] [371] [372] [373] [374] [375] [376] [377] [378] [379] [380] [381] [382] [383] [384] are excluded, the 624-bp PEPCK fragment recovers the "known" relationships for Lepidoptera and outgroups quite well, that is, parsimony and neighbor-joining analyses of ntl + nt2 recover 12 to 14 of the 14 test clades ( fig. 6 ). Even when the gap region data are included, a strict consensus of MP trees recovers 9 of 14 clades, with one tree recovering 12 of 14 (not shown). Our results demonstrate the phylogenetic utility of PEPCK at this level of systematic inquiry and argue for its application to unresolved relationships within basal Lepidoptera and other groups of Mesozoic age.
Decay indices ranging from 9 to 13 ( fig. 6A ) indicate good support for Zeugloptera, "Dacnonypha," Exoporia, and "Monotrysia."
By contrast, none of the more inclusive groupings, such as Lepidoptera, Glossata, Neolepidoptera, or Heteroneura, is nearly so well supported (decay indices between zero and two). Weak support for individual branches emphatically does not mean that PEPCK contains no information on these larger groupings (see Sanderson 1989) . The recovery of the more inclusive clades by analysis of the ntl + nt2 data set cannot represent chance, though conflicting signals are also present. Stronger support may be expected from PEPCK by sampling more than the approximately one third of the coding sequence examined here. Increasing taxon sampling density may also greatly enhance the strength of our conclusions.
A comparable result, of complete congruence with morphology despite weak support for some deep clades, emerged from 18s ribosomal DNA studies of a nearly identical set of taxa (Wiegmann 1994; Wiegmann et al., unpublished data) . Perhaps because the data set is larger (1,357 bp with >300 informative sites), several clades only weakly supported by PEPCK were strongly established in the 18s rDNA result, including the monophyly of the Lepidoptera and Neolepidoptera.
By contrast, the "Dacnonypha,"
with a decay index of one, was strongly supported by PEPCK. The fact that both 18s rDNA and PEPCK are concordant with the test phylogeny, yet provide different levels of support for different groups, suggests that eventual combination of these genes will pro--1 0 1 2 3 4 5 6 7 6 9 10 11 12 13 14
Number of clades shared with test phylogeny FIG. 7.-Number of clades present in the test phylogeny that are recovered in each of the most-parsimonious trees for six character sets (all nt, ntl, nt2, ntl + nt2, nt3, amino acids). Individual boxes correspond to single most-parsimonious trees.
vide powerful evidence on basal lepidopteran phylogeny.
Identifying Useful Data Set Partitions
Additional lines of evidence, apart from concordance with the test phylogeny, support our conclusion that nt3 should be severely downweighted or eliminated for analysis of PEPCK on this time scale. First, pairwise divergences at nt3 are mostly above 0.50 ( fig. l) , a value above which saturation is highly likely. Under the JukesCantor (1969) model, for example, a pairwise divergence value of 0.55 results when each nucleotide is, on average, substituted once. Direct evidence for saturation lies in the failure of nt3 divergence values to increase with the order of divergence on the test phylogeny, outside the replicates within some of the more recent clades, in particular, Monotrysia and Exoporia. This result contrasts sharply with the monotonic increases seen in ntl, nt2, and amino acid sequence divergences ( fig. 1 ). Our data suggest that nt3 is subject to constraints beyond those in the Jukes-Cantor model, as the limiting divergence appears to be less than 0.60, rather than 0.75. Additionally, the nucleotide composition at nt3 is significantly more variable than at ntl or nt2 ( fig. 5) , and this may create additional analytical difficulties (Lockhart et al. 1994) . Not surprisingly, nt3 shows much greater homoplasy on the test phylogeny than ntl or nt2.
Similar saturation and phylogenetic uninformativeness of nt3 at deep levels has been reported for a number of other genes (Edwards, Arctander, and Wilson 1991; Irwin, Kocher, and Wilson 1991) . These effects were A Nuclear Gene for Mesozoic-Age Phylogenetics 603
clearly evident in partial sequences of the elongation factor-lo (EF-la) gene from a subset of the basal lepidopteran lineages (T. I? Friedlander, unpublished data). Numerous discordances with morphological groupings were apparent in the most-parsimonious tree for these data. Almost all informative changes were synonymous with maximal pairwise nt3 divergence levels of only about 0.35.
Given the benefits of downweighting or eliminating nt3, it might seem that concordance could be further improved by distinguishing among character subsets within ntl + nt2, which contain synonymous and nonsynonymous substitutions, or within amino acids. There is clearly evolutionary rate heterogeneity among sites. For example, 57% of the amino acid sites are invariant, yet more than 10% are substituted at least five times (fig. 4) . Thus, some sites may be saturated, even at moderate overall levels of divergence. Three kinds of variable amino acid sites are definable when mapped on the test phylogeny: those that change once (e.g., characters 33 and 34 in fig. 3 ); those that change multiple times among a limited number of character states (e.g., characters 31 and 83), yielding high homoplasy; and those that change multiple times among numerous character states, yielding low homoplasy (e.g., characters 73 and 81). It seemed plausible that removal of the second class, which results mostly from alternations between serine and threonine, would improve concordance. However, doing so resulted only in loss of resolution. Similar attempts to subdivide the ntl + nt2 data set were also not helpful.
With nt3 eliminated, we still must choose between amino acid and nucleotide codings. Amino acids show less homoplasy on the test phylogeny and on the mostparsimonious trees than ntl or ntl + nt2, but slightly more than nt2 (tables 3 and 4). However, MP trees for ntl + nt2 and nt2 are more concordant with the test phylogeny than those for amino acids, as indicated by proportional difference in tree length (0% and 1.3%, versus 1.9%), and maximum number of test clades recovered (14 and 12, versus 8 of 14) ( fig. 7, table 5 ). One explanation is that the slight disadvantage of the nucleotide data in noisiness is overcome by the larger number of characters. Another explanation would be that some of the amino acid replacement site characters are positively misleading.
In conclusion, using a well-supported morphological hypothesis of basal lepidopteran relationships as a guide, our results show that PEPCK has much potential for estimating phylogenetic splits of Mesozoic age. This is a time span for which few other appropriate genes are now available, particularly in the nuclear genome, and particularly in insects (Brower and DeSalle 1994) . Further development and systematic application of PEPCK is amply justified.
